Figure 1. Single Motor Unit Recordings from Awake Neonatal Mice during the Postnatal Period of Synapse Elimination (A) The percentage of multiply innervated junctions was determined from immunostained muscle whole mounts (n ϭ 3 muscles at each age, 25-90 junctions per muscle; mean Ϯ SEM). Gray bars indicate the ages that motor unit recordings were obtained. (B) At P1, several motor axons (green) are closely intertwined before they terminate over postsynaptic acetylcholine receptor clusters (red). By P7, some junctions are innervated by a single axon branch (asterisk). By P14, virtually all junctions are innervated by a single axon (asterisk).
Scale bar ϭ 40 m, P1; 20 m, P7, P14. (C) P0-P15 mouse pups were anesthetized and the soleus muscle exposed. The forelegs of standing mice were wrapped in a Kimwipe pinned to a recording dish, and hindlimbs were restrained in soft dental wax to limit movements. Recording electrodes were inserted longitudinally into the soleus muscle belly near the endplate band (colored dots in middle enlargement). Acquisition began as mice recovered from anesthesia and spontaneous motor unit activity was observed. Signals were acquired digitally and analyzed using interactive software. The activity of different motor units (red, blue, and green) was discriminated by recording the compound muscle fiber action potential (red, blue, and green waveforms) whose shape depended on the spatial relationship between muscle fibers and the electrode.
Results
that observed in other rodent muscles (reviewed in Lichtman and Colman, 2000) . Based on these observations, EMG recordings were made from P0-P4 mice Recording of Single Motor Unit Activity in Awake, Behaving Neonatal Mice when ‫%001-%08ف‬ of muscle fibers are multiply innervated, from P5-P6 mice when ‫%07ف‬ are multiply inThe soleus muscle, which is active during stance as well as locomotion, was selected for single motor unit EMG nervated, from P8-P9 mice when ‫%05ف‬ are multiply innervated, and from P14-P15 mice when ‫%001ف‬ of recording based upon analyses of motor behavior in neonatal mice over several hours. P3-P9 pups stood muscle fibers are singly innervated. To record spontaneous single motor unit activity dur-‫%08ف‬ of the time (79% Ϯ 0.01%), periodically moving their limbs in intermittent swimming movements during ing standing, neonatal mice were placed in a paper restraint that allowed movement but prevented them from nursing or to change position. P3-P9 pups remained grouped together 100% of the time (n ϭ 24; 100% Ϯ crawling away during the recording session. After implanting microelectrodes ( Figure 1C ), stable single mo-0.01%). However, P15 pups changed positions within the nest more frequently than younger mice, moving tor unit activity was obtained from awake P0-P15 mice for periods of 1-2 hr (3474 Ϯ 119 s), although individual their limbs in intermittent swimming movements 30% of the time (30% Ϯ 0.05%), but remained within the nest motor units were rarely active throughout the entire recording period. The activity of single motor units was nearly all of the time (98% Ϯ 0.01%). These observations indicated that recording from the soleus during standing discriminated from the raw single unit EMG record based upon the unique waveforms of the compound would largely reflect natural behavioral and activity patterns. muscle fiber action potential using interactive software ( Figure 2A ). The uniqueness of each discriminated motor The developmental time points for motor unit recordings were selected after determining the time unit was assessed by determining the amplitude, duration, and first and/or second major slopes of each wavecourse of synapse elimination by counting the number of immunohistochemically labeled axons innervating each form assigned to a discriminated motor unit. Subsequent MANOVA analysis with post hoc multivariate muscle fiber. Nearly 100% of soleus muscle fibers are multiply innervated by 2-6 motor axons at birth (2.7 Ϯ significance tests between each pair of cluster centroids verified that the motor unit waveforms discriminated 0.1), while nearly 100% of muscle fibers are singly innervated by P14 ( Figure 1A ). This time course is similar to from a single channel were significantly different (Figure The amplitude, duration, and first and second major slopes were determined for each discriminated waveform across the entire record and were plotted as shown for the red, blue, and green discriminated motor units in (A). MANOVA analysis with post hoc multivariate significance tests between each pair of cluster centroids was used to determine that each discriminated single motor unit within a recording was unique.
2B). While waveform shape was somewhat more varifrequency histograms were highly skewed toward long intervals because motor units were active over short able at younger than at older ages (Westerga and Gramsbergen, 1994), single motor units could be readily intervals across the entire recording (cf. Figures 2A and  3C ). The median motor unit firing frequency did not identified even in P0 mice. Qualitatively, the single unit EMG traces from neonates were similar to those obchange from P0-P9, but remained surprising low throughout this period ‫5.0ف(‬ Hz) ( Figure 3A ; Table 1 ). served in freely moving adult rat soleus muscle by Hennig and Lomo (1985) and Eken (1998). Eight to ten motor However, median motor unit firing frequency increased to ‫4-3ف‬ Hz by P14-P15 (p Յ 0.001, Kruskal-Wallis with units could be discriminated from most records, but typically 2-5 motor units had enough action potentials Dunn's pairwise comparison) ( Figure 3 ; Table 1 ). Motor units with relatively slow firing frequency (Ͻ1 Hz) were to be analyzed further.
To determine whether motor unit activity was primarily observed at all ages, but motor units with higher firing frequency (9-12 Hz) ( Figure 3A ; Table 1 ), approaching being recorded from the soleus muscle or also from surrounding muscles, recordings were made before and those reported in freely moving adult rats (Hennig and Lomo, 1985; Eken, 1998) , were observed only in P14-after the soleus muscle was denervated by nerve cut (n ϭ 3 P5-P6, 3 P8-P9, and 4 P14-P15 mice). A robust P15 mice. Thus, the frequency of motor unit firing is relatively low during the first week after birth, and motor decrease in EMG activity was observed in all denervated muscles at all time points examined (p Ͻ 0.05, two-way units with relatively mature firing frequency are observed only at P14-P15. t test) (data not shown). In some cases, a small amount of low amplitude motor unit activity remained in some In addition to the developmental change in motor unit firing frequency, there was also a change in the pattern muscles after denervation, but the amplitude of these waveforms was typically much smaller than that of disof motor unit activity during the first 2 weeks after birth. About 90% of motor units from P0-P9 mice (71/78) criminated motor units from innervated muscles. Thus, it is unlikely that analyses of soleus motor unit activity showed low levels of maintained activity with shorter periods of moderately higher and variable firing freare contaminated by activity from other muscles. Simultaneous recordings from the adjacent lateral gastrocnequency ( Figure 3B ). By P14-P15, the variability in firing frequency appeared to be reduced, but motor units were mius muscle showed no change in its overall activity after soleus denervation (p Յ 0.42, two-way t test).
typically intermittently active, with periods of higherfrequency activity interspersed with periods of low or Therefore, the reduction of soleus motor unit activity after denervation was not due to a nonspecific decrease no activity (25/25 motor units) ( Figure 3B ). These observations show that there is a qualitative change in the in overall animal activity. Together, these analyses demonstrate that the activity of individual soleus motor units pattern of motor unit activity, from low levels of sustained activity to intermittent periods of higher-frecould be recorded and discriminated for long periods from the soleus muscle in awake, behaving neonatal mice. quency activity, consistent with soleus whole muscle EMG recordings (Brocard et al., 1999). To further analyze patterns of motor unit activity, and to determine the relative activity of motor neurons that frequency was determined across the entire recording. Median values were used because instantaneous firinginnervate at least some of the same muscle fibers, cross-around the time of birth, and the prevalence of correlated activity decreased during the first week after birth. The strength of temporal correlations between soleus motor unit pairs was assessed using an index, kЈ-1, that compares the size of the peak in the crosscorrelogram relative to background events (Nordstrom et al., 1992 ) (see Experimental Procedures). When the index kЈ-1 was larger than 0.3 (indicating that 30% more events were present within the peak than would be expected due to chance), a distinct peak was observed in the crosscorrelogram ( Figure 4C, dashed line) . Motor unit pairs with no peak evident in the crosscorrelogram had index kЈ-1 values of Ϫ0.31 to 0.26 (0.00 Ϯ 0.01) ( Figure 4C ; Table  1 ). A significant difference in the median index kЈ-1 value was observed between P0-P2 and P14-P15 motor unit pairs (p ϭ 0.017, Kruskal-Wallis with Dunn's pairwise comparison) ( Figure 4C ; Table 1 ). No reduction in this measure of the strength of correlation was apparent between P0-P2 and P5-P6 (p Ն 0.05, Kruskal-Wallis with Dunn's pairwise comparison), suggesting that there may either be a threshold for detecting correlations or that the mechanisms that modulate correlations are relatively all-or-nothing. These observations show that the activity of soleus motor units from P0-P2 mice were temporally correlated and that correlations were no longer present after P8-P9.
Progressive Increase in Spontaneous Motor
Because, under some circumstances, short-term synchronization in animals and humans has been shown to be related to motor unit firing frequency (Ellaway and among the firing of motor unit pairs. The location and duration of the sharp peak in the crosscorrelation was determined from the region of positive slope in the cucorrelation analyses were performed to compare the mulative sum plot of all events within the crosscorrelorelative activity of pairs of discriminated single motor gram (Ellaway, 1978) . The duration of the sharp peaks units (Sears and Stagg, 1976) . Crosscorrelograms were in crosscorrelograms constructed with 100 ms bins was generated over periods of Ϯ25 s centered on the firing 2.2 Ϯ 0.6 s at P0-P2 and 2.3 Ϯ 0.4 s at P5-P6 (Table  of one motor unit, designated the reference motor unit, 1). In one pair at P0-P2, the peak duration was ‫001ف‬ using 100 ms bins. A sharp peak in the crosscorrelogram ms, but the remainder of pairs had peak widths in the indicates that the activity of two discriminated motor range of 1-3 s (Table 1) . Because a bin size of 100 ms units is temporally correlated (Sears and Stagg, 1976;  might obscure correlations that occur on a finer time Ellaway, 1978) . scale, we also constructed crosscorrelograms for each These analyses indicated that 12 of 19 motor units motor unit pair using bin widths of 50, 25, and 5 ms. No from P0-P2 (63%), 5 of 13 motor units from P3-P4 (39%), differences were observed in the duration of the peak 8 of 25 motor units from P5-P6 (32%), and 1 of 21 among the bin widths used ( Figure 4E ; other comparimotor units from P8-P9 mice (9.5%) showed temporally sons not shown). When peak duration was measured correlated activity with at least one other motor unit, from crosscorrelograms constructed using 5 ms bins, as indicated by a sharp peak in the crosscorrelogram in 8 of 13 cases, peaks that were present at 100, 50, or ( Figure 4 ; Table 1 ). No temporal correlations were ob-25 ms disappeared. This is because two motor units served in 25 motor units from P14-P15 muscles. Thus fired together so rarely within 5 ms windows that too few events were present to contribute to a peak. In 5 the firing of soleus motor units is temporally correlated (G) The proportion of correlated events within a 100 ms window was calculated for all motor unit pairs. Open and closed circles represent of 13 cases, however, a peak was detected, but the over short intervals or "epochs" with higher than median motor unit activity. An epoch was defined as a period width of the peak remained 1-2 s (data not shown). This analysis showed that the time scale of correlations was of time during which the median firing frequency was 125% of the median rate across the entire record (see not affected by the manner in which correlograms were constructed.
Experimental Procedures). Motor units from P0-P2 mice generally had between 4-5 epochs lasting 30-40 s, while On the other hand, a proportion of correlated events occurred within a time window of less than 1-2 s. For motor units from P14-P15 mice had only 1-2 epochs lasting 40-50 s (Table 1) . No change was observed in each correlated pair, we determined the proportion of correlated events that occurred from 5 ms to 5 s interthe number or duration of epochs from birth to P8-P9. A significant decrease in epoch number and increase vals. Very few events (zero to five events per pair) occurred within in a window of 50 ms or less, consistent in epoch duration was seen at P14-P15 (p Յ 0.001, Kruskal-Wallis with Dunn's pairwise comparison) (Table with the analysis described previously. However, most motor unit pairs had at least ten events that occurred 1), consistent with the increase in overall motor behavior (see previous data) and the change in motor unit firing within a window of 100 ms (data not shown). To examine this more quantitatively, a correlation index was calcurate and pattern observed at this time (Figure 3) . Crosscorrelogram analyses showed that epochs with lated as a ratio of the number of events from one unit that occurred within 100 ms of events from a second large index kЈ-1 values and peak durations Ն10 s were observed in all age groups (128/417 epochs from 107 unit, divided by the number of events that would be expected if the two units were firing at the same average motor unit pairs from P0-P15 mice) ( Figure 5D , point to the right of the dashed line). However, epochs with large rate but without any temporal correlation (Wong et al., 1993) (see Experimental Procedures). A correlation inindex kЈ-1 values and peak durations Ͻ5 s were only observed in P0-P6 mice (39/234 epochs from 52 motor dex of 1 indicates that the two units are firing independently during this temporal window, while an index unit pairs from P0-P6 mice) ( Figure 5D , point to the left of the dashed line). Therefore, epochs were judged to greater than 1 implies that units are more likely to fire within 100 ms than expected by chance.
show temporally correlated motor unit activity when peak durations were similar to those observed in motor Using this measure, correlation indices greater than 1 were detected on a 100 ms timescale for some motor unit pairs across the duration of the recording (Ͻ5 s) (Table 1) . unit pairs at P0-P15 ( Figure 4F ). At all ages, the largest correlation indices were generally observed for those Motor unit pairs that demonstrated significant temporally correlated activity across the entire recording (13/ motor unit pairs for which peaks were present in their crosscorrelogram (open circles, Figure 4F ). As ex-77 motor unit pairs from P0-P6) generally had multiple epochs with strong correlated motor unit activity with pected, a significant decrease in the median correlation index was observed, from 2.8 Ϯ 0.7 at P0-P1 to 1.0 Ϯ peaks of Ͻ5 s (39/116 epochs) ( Figures 5A and 5D ). Temporal correlations between motor unit pairs was 0.1 at P14-P15 (p ϭ 0.017, Kruskal-Wallis with Dunn's pairwise comparison). This suggests that, in P0-P6 modulated over time, because correlated activity was seen in only ‫%43ف‬ of these epochs. Pairs that were mice, some motor unit pairs are strongly correlated across a time domain of 100 ms. uncorrelated across the entire record (107/120 motor unit pairs from P0-P15) generally had no epochs of corWe next asked what proportion of correlated events occurred within a 100 ms window. For most pairs from related activity with peaks of Ͻ5 s (441/442 epochs) ( Figures 5B and 5D ). These results indicate that corre-P0-P6 mice, less than 30% of correlated events occurred within a 100 ms window ( Figure 4G) . Thus, the lated motor unit activity is present on several time scales: over short intervals (seconds) of relatively high majority of correlated events occur at intervals greater than 100 ms. At P14-P15, a larger percentage of events activity or over longer intervals of lower sustained activity (minutes to hours). occurred within a 100 ms window, as expected from the increased firing frequency observed at this age (Figure To verify that the temporal correlations observed during epochs with large index kЈ-1 values and short peak 3). However, these events were not strongly correlated ( Figure 4F ). Together, these data suggest that, during durations (Ͻ5 s) were not simply due to ballistic animal movement, correlations between motor unit pairs were the first week after birth, temporally correlated motor units fire together within a rather broad temporal winevaluated during activity evoked by pressure to the tail (n ϭ 3 P8-P9 mice; 7 motor unit pairs with 35 periods dow, from ‫001ف‬ ms to 1-2 s. of evoked activity). As expected, activity was elevated and was relatively phasic following tail pressure, lasting Temporal Correlations during Short Epochs of Elevated Motor Unit Activity ‫03ف‬ s (29 Ϯ 2 s). Significant temporal correlations were seen between all motor unit pairs discriminated after Because motor unit firing was modulated in frequency and pattern across the duration of the recording ( 5D ). However, all of the peaks in the crosscorrelograms 3), we determined the strength of temporal correlation motor unit pairs that did and did not have peaks in their crosscorrelograms, respectively. Closed and open squares represent the mean Ϯ SEM and median values, respectively. For most pairs from P0-P6 mice, less than 30% of events occurred within a 100 ms window. Two motor units pairs from P0-P2 mice had more than 50% of their events occurring within a 100 ms window; these two units had the largest correlation indices (Figure 4F ). At P14-P15, a larger percentage of events occurred within a 100 ms window, as expected from the increased firing frequency observed at this age (see Figure 3) . were very broad, longer than 10 s (21 Ϯ 1 s), as were pendent of the overall rate and modulation of motor unit firing, and that correlations are transient, as they are no observed for some epochs of spontaneous activity (Figure 5D, open circles) . Thus, the short duration temporal longer present after the first postnatal week. correlations observed in P0-P6 mice are not due to intermittent ballistic animal movements during which Gap Junction Blockade Abolishes Temporally Correlated Motor Unit Activity motor units are highly active. Taken together, these results show that motor unit activity is temporally correMotor neurons are electrically and dye coupled around birth, but coupling gradually disappears and is no longer lated around the time of birth, that correlations are inde- Table 1 ) and in the correlation index (saline, motor neuron gap-junctional coupling might underlie the temporal correlations in motor unit activity that are mean 1.8 Ϯ 0.3; carbenoxolone, 1.0 Ϯ 0.1; p ϭ 0.03, Mann-Whitney rank sum test) ( Figure 6D ) between these present over a similar developmental window, and whether the loss of gap-junctional coupling among mogroups. As was observed for pairs from unmanipulated animals, less than 30% of events occurred within a 100 tor neurons may also underlie the loss of temporally correlated motor unit activity. To address these possibilms window ( Figure 6E ). While strong temporal correlations were abolished ities, P3-P4 littermates received either 100 mg/kg carbenoxolone dissolved in sterile 0.9% NaCl injected i.p. after carbenoxolone injection, no significant differences were observed in overall animal activity or median motor (n ϭ 5), or an equivalent amount of 0.9% NaCl (n ϭ 6). Carbenoxolone given at this dose i.p. has been shown unit firing frequency between carbenoxolone and salineinjected pups (Table 1) (Table 1) , the analyses presented above and in Figure 5 show that correlations are not derived solely and Landmesser, 1999; Tresch and Kiehn, 2000). One hour following injection, single motor unit recordings from epochs. Thus, the somewhat lower number of epochs in carbenoxolone-treated pups does not contribwere made from the soleus muscle; the experiment was performed blind throughout the recording and subseute to the loss of temporally correlated motor unit activity. These data suggest that gap-junctional coupling quent analyses.
Carbenoxolone abolished temporally correlated mocontributes to the temporal correlations in motor unit activity during the initial days after birth. tor unit activity (Figure 6 ) without altering the overall pattern or rate of motor unit firing (Table 1) . Four of fourteen motor unit pairs showed correlated activity in Discussion saline-injected pups ( Figures 6A and 6B) , similar to that observed in unmanipulated animals (Table 1) . However, We studied the temporal aspects of motor neuron activity and how these change during the days after birth none of 19 motor unit pairs were correlated in carbenoxolone-injected pups (significantly different, Fisher's exwhen activity-dependent competition occurs at neuromuscular synapses. Spontaneous motor unit activity act test, p ϭ 0.024) (Figures 6A and 6B) . A significant was low at birth, reaching nearly adult levels only by until after P8-P9 (Figure 3 ; Table 1 ). Spontaneous activ-P14-P15. Thus, synaptic competition seems to occur in ity during late embryonic life also appeared to be relaa milieu of surprisingly low neural activity. Motor neuron tively low (Buffelli et al., 2000) . Despite low levels of activity is temporally correlated around the time of birth, activity at birth, an ‫-61ف‬fold variation in activity of soleus and correlations are no long present after the first postmotor neurons was observed at birth and also in older natal week. Temporally correlated motor unit activity mice (Table 1) . Because motor behaviors involving the appears to be mediated, at least in part, by gap-junchindlimbs change rapidly from P9 to P14, including the tional coupling among motor neurons during the first ability to bear weight (Clarac et al., 1998), motor unit week after birth (Chang et al., 1999) . firing frequency in postural muscles like the soleus would also be expected to change during this period.
Single Unit Electromyography Reflects Motor
Motor unit firing frequencies similar to those recorded Neuron Activity in walking adult rats (Hennig and Lomo, 1985) were obHere, we report the patterns of single motor neuron served in P14-P15 mice (9-12 Hz) ( Buffelli et al., 2000) . This the same group of muscle fibers, their electrical signasuggests that the temporal correlations between motor tures could not be discriminated because the compound units occur over a broad time window. In the present muscle fiber action potential waveform generated by work, temporal correlations were observed when motor each would be identical. However, graded tension and unit activity was compared over 1-2 hr periods, as well other experiments show that entirely overlapping inas over shorter epochs (seconds) of activity. Because nervation is rare (cf. Brown et al., 1976). Because of the some epochs of activity were uncorrelated, temporal high degree of convergent innervation in the soleus, it correlations themselves may not be fixed but, rather, is common for two motor neurons to innervate some, modulated over time. but not all, of the same fibers. If the muscle fibers from Analyses of the spontaneous activity of retinal ganwhich the compound muscle fiber action potentials are glion cells during visual system development suggest recorded are innervated by more than one motor neuron, that temporal correlations occur within a window of sevthe activity of the different motor neuron inputs can be eral seconds (Wong et al., 1993 (Wong et al., , 1998 ). On the other followed as long as the motor neurons are firing more hand, in retinotectal neurons in vivo (Zhang et al., 1998) than 2-4 ms apart (the duration of an individual muscle and dissociated hippocampal neurons in vitro (Bi and fiber action potential). When the inputs to the same Poo, 1998), the temporal differences in presynaptic acmuscle fiber are active within 2-4 ms, the resulting wavetivity that can modulate synaptic strength occur within forms will overlap and no longer match the electrical a window of ‫02ف‬ ms. The endogenous patterns of activsignature of either motor unit. A third limitation of this ity that occur during neuromuscular competition in vivo technique is that when motor inputs to muscle fibers that we describe here suggest that the relevant temporal become subthreshold for generating muscle fiber action window for modifying synaptic strength is rather broad, potentials, those fibers no longer contribute to that unit's on the order of 100 ms to 1-2 s. electrical signature. Thus subthreshold inputs to muscle fibers are not sampled. Finally, if the activity of one Patterns of Motor Neuron Activity Modulate motor neuron were correlated with that of only a small Synaptic Competition number of other motor neurons, recording from a small Work at neuromuscular and other synapses has sugsubset of the total number of soleus motor units would gested that competition occurs in a largely Hebbian limit the detected extent of correlated activity. Thus, it fashion, in that postsynaptic cells discriminate among is possible that the prevalence of temporal correlations the activity of their multiple inputs and selectively among motor neuron activity may have been underestistrengthen more-active ones (reviewed in Lichtman and mated in our experiments. Despite these limitations, we (Chang et al., 1999) . Loss of temporally correlated activity may allow the postsynaptic muscle fiber to discriminate between its inputs, triggering synaptic competition leading to single innervation. By P14-P15 (right), the soleus motor unit activity is no longer temporally correlated, although overall activity is increased compared to birth (top), and each muscle fiber is singly innervated. chester, 1993). Recent work from Costanzo et al. (2000) adult neuromuscular junctions (Balice-Gordon and Lichtman, 1994). Blocked receptors disappeared over a peshowed that inactive inputs could displace other inactive inputs during synaptic competition that occurs durriod of several days, and nerve terminals overlying the blocked receptors were subsequently withdrawn. Howing reinnervation of adult muscle. While this work suggests that activation of postsynaptic muscle fibers may ever, if all receptors within a junction were uniformly blocked, no loss of pre-or postsynaptic regions was not be required for competition to occur, the interpretation of these experiments is complicated by the possibilobserved. This showed that synapse loss was not due to inactivity per se, but rather to differences in activity ity of low levels of spontaneous activity and by the effects of paralysis on the growth, sprouting, and withdrawal sensed by postsynaptic cells. When activation of postsynaptic sites was uncorrelated, silent synaptic sites of inactive axons. Nonetheless, because regenerating inactive axons can displace other inactive axons, this were destabilized and removed. This result predicted that synchronous activation of suggests that activity is a modulator rather than a mediator of competition (Costanzo et al., 2000) . Our results postsynaptic muscle fibers might slow or prevent synapse loss. Busetto et al. (2000) tested whether correlated suggest that a significant portion of synaptic competition occurs when motor neuron activity is surprisingly activation prevented the elimination of multiple innervation at ectopic newly formed synapses in reinnervated low, signifying that some previous experimental perturbations of activity shown to affect synaptic competition adult rat muscle. They showed that multiple innervation was maintained when motor axons were stimulated synmay not be physiologically relevant.
The modulation of competition by activity appears to chronously. Together, these results suggest that synaptic loss is triggered by uncorrelated activity, while loss depend, at least in part, on the muscle fiber's ability to detect relative differences in the activity of its motor is slowed or prevented by correlated activity. Alternatively, synapse elimination might be modulated inputs. When all inputs are synchronously active, a muscle fiber might not discriminate among inputs, and thus by the overall increase in motor neuron activity that occurs after birth, not solely by changes in the relative all synapses would be maintained (Figure 7, left) . Consistent with this hypothesis, during late embryonic and pattern of activity among inputs innervating the same muscle fiber. However, this seems unlikely, because a early postnatal life, the synapses of different inputs are relatively equal in size and strength, and remain so for substantial amount of synapse elimination occurs during the first week after birth when overall motor neuron several days (Balice-Gordon et al., 1993; Colman et al., 1997). Alternatively, the establishment of multiple inactivity is low. Between 50%-60% of soleus muscle fibers become singly innervated between P0 and P8-P9 nervation may be a consequence of other mechanisms unrelated to the level or pattern of activity. These possi-( Figure 1A ), before increases in activity levels were observed ( Figure 3A) . Thus, the first muscle fibers become bilities remain to be explored at neuromuscular and other synapses. singly innervated 2 weeks before the last muscle fibers to undergo synapse elimination. Those that undergo When inputs are asynchronously active, muscle fibers might discriminate among them on the basis of their synapse elimination early may be innervated by motor neurons whose activity becomes uncorrelated early, and relative activity, rewarding more-active inputs and punishing less-active ones (Figure 7, middle and right) . This those that undergo the process later may be innervated by motor neurons whose activity becomes uncorrelated idea was tested by asking whether the differential activation of postsynaptic regions led to the loss of inactive relatively late (Figure 7) . Thus, the relative pattern of activity among inputs innervating the same muscle fiber, synaptic sites using ␣-bungarotoxin blockade of acetylcholine receptors in small regions of singly innervated rather than the total amount of activity, appears to be a 2000) , dissolved in sterile 0.9% NaCl (n ϭ 5) or an equivalent in crosscorrelograms. Increasing crosscorrelogram duration never lead to a peak, if a peak was not already present using standard amount of 0.9% NaCl (n ϭ 6). Motor neuron electrical and dye coupling in hemisected spinal cord in vitro are abolished at 20-100 parameters. In motor unit pairs with temporal correlation, a 2-to 4-fold increase in the total duration of the crosscorrelogram (Ϯ25, M, but not at lower doses (our unpublished results; see also Chang et al., 1999) , and no effect on overall motor and motor unit activity Ϯ50, Ϯ100 s) had no effect upon the index kЈ-1 (p ϭ 0.72, KruskalWallis with Dunn's pairwise comparison; data not shown). These was observed. Injections were made 1 hr prior to the onset of recording. Experiments were performed blind during recordings and analyses showed that motor unit firing frequency, the bin width used to construct crosscorrelograms, and the duration of crosscorreloanalyses.
In one series of experiments, intracellular recording from P0-P14 grams had no effect upon the detection of significantly temporally correlated motor unit activity. muscle fibers was performed as described in Kopp et al. (2000) . Muscle fibers with resting potentials more negative than Ϫ60 mV To examine correlations at specific time scales, a correlation index was calculated as a ratio of the number of events from one unit that were iontophoretically injected with Neurobiotin, a low molecular mass compound that readily crosses gap junctions among a variety occurred within a 5 ms to 5 s window of events from a second unit, divided by the number of events that would be expected if the two of cells (n ϭ at least 4 muscle fibers, spaced ‫005ف‬ m apart, from each of 3 muscles at P0, P4, P7, and P14). After 2-4 hr, muscles units were firing at the same average rate but without any temporal correlation, as described in Wong et al. (1993) . A correlation index were processed using fluorescently conjugated streptavidin, and the number of labeled muscle fibers was analyzed by confocal miof 1 indicates that the two units are firing independently during this temporal window, while an index of Ͼ1 implies that units are more croscopy as described in Chang et al. (1999) . No evidence of dye transfer among muscle fibers was observed at any postnatal age likely to fire within this window than expected by chance. The percentage of events that occurred within a given temporal window (data not shown).
was determined by counting the number of response unit events that occurred within a given time of reference unit events, divided Analyses of Single Motor Unit Activity by the total number of response unit events. Single motor units were discriminated offline using Spike2 software Motor units were rarely active across the entire recording period, that sorts individual motor units based upon the unique shape of and firing frequency varied widely during the recording period. Thus, their compound action potential. Eight to ten single motor units the frequency and pattern of motor unit activity was also evaluated could be discriminated from each muscle, and typically two to five during short epochs of higher than median activity. Analysis of mean exhibited sufficient activity across the entire record to be further motor unit firing frequency over bins of 10 s was used to determine analyzed. The accuracy of motor unit discrimination was verified by the location and duration of each putative epoch (cf. Figure 3B ). measuring the amplitude, duration, and first and/or second major Epochs were analyzed further when the median firing frequency slopes of each waveform identified as being generated by a discrimiduring the epoch was 125% of the median firing frequency across nated motor unit. Cluster plots were generated in Sigma Plot (SPSS, the entire record. The frequency of activity within epochs was signifiInc., Chicago, IL) and MANOVA with post hoc multivariate significantly shifted to the right of randomly assigned epochs, indicating cance tests were used to determine whether the discriminated motor that this criterion defined periods of significantly higher motor unit unit clusters were different. Mean and median motor unit firing freactivity (data not shown; one way t test assuming unequal variquency were determined from interspike interval histograms (1000 ances). Crosscorrelation analyses were performed when one or both 60 ms bins spanning a period of 60 s). motor units had firing frequencies that were above the 125% threshCrosscorrelation analyses were used to determine whether any old during an epoch. two motor units within a recording showed correlated activity (Sears All values are reported as mean Ϯ SEM unless otherwise noted. and Stagg, 1976). Histograms were generated and analyzed at bin Statistical analyses were performed in Sigma Stat (SPSS, Inc., Chiwidths of 5, 25, 50, 100, 500, and 1000 ms and spanned a period cago, IL) and Matlab (MathWorks, Inc., Natick, MA). of 2.5-100 s before and after the discharge of a reference unit. Generally crosscorrelograms were generated and analyzed with 100 Acknowledgments ms bin widths over a period of Ϯ25 s. Normalized cusum analyses (Ellaway, 1978) (Table 1) . Thus, the motor unit correlation index kЈ-1 was determined either over the References duration of a peak, or in cases where no peak was observed, over a 3. 
